All-optical thermometry technique based on the energy level cross-relaxation in atomic-scale spin centers in SiC is demonstrated. This technique exploits a giant thermal shift of the zero-field splitting for centers in the triplet ground state, S=1, undetected by photoluminescence (so called "dark" centers) coupling to neighbouring spin-3/2 centers which can be optically polarized and read out ("bright" centers), and does not require radiofrequency fields. EPR was used to identify defects. The width of the cross-relaxation line is almost an order of magnitude smaller than the width of the excited state level-anticrossing line, which was used in all-optical thermometry and which can not be significantly reduced since determined by the lifetime of the excited state. With approximately the same temperature shift and the same signal intensities as for excited state level-anticrossing, cross-relaxation signal makes it possible to increase the sensitivity of the temperature measurement by more than an order of magnitude. Temperature sensitivity is estimated to be approximately 10 mK/Hz 1/2 within a volume about 1 µ 3 , allocated by focused laser excitation in a scanning confocal microscope. Using cross-relaxation in the ground states of "bright" spin-3/2 centers and "dark" S=1 centers for temperature sensing and ground state level anti-crossing of "bright" spin-3/2 centers an integrated magnetic field and temperature sensor with submicron space resolution can be implemented using the same spin system. The coupling of individually addressable "bright" spin-3/2 centers connected by a chain of "dark" S=1 spins, could be considered in quantum information processing and multicenter entanglement under ambient conditions. © 2018 Author(s).
Atomic-scale vacancy-related color centers in silicon carbide (SiC) have recently been proposed to form the basis for quantum spintronics, sensorics, and quantum information processing because of the unique properties of their electron spins, which can be optically polarized and read out by means of ODMR technique, energy level anticrossing (LAC) and cross-relaxation (CR). [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] A family of color centers with S = 3/2 ground and excited states (spin-3/2 centers), was shown to have the property of optical alignment of the spin levels and allow a spin manipulation. The experimental achievements in an all-optical thermometry technique is based on the excited state LAC (ES LAC) of spin-3/2 centers which exploits a giant thermal shift of the excited-state zero-field splitting (ZFS), and do not require RF fields. 12, 14, [17] [18] [19] [20] [21] A temperature sensitivity of ⇠100mK/Hz 1/2 within a detection volume of approximately 10 -6 mm 3 could be achieved. 17 An important advantage of using spin centers in SiC is optical compatibility with the band of transparency of fiber optics and biological objects, which minimizes the temperature effects on the object of investigation.
Giant temperature shift of CR signals has been detected in 15R-SiC single crystals. The width of the CR line is almost an order of magnitude smaller than the width of the ES LAC line that makes it possible to increase the temperature measurement sensitivity by approximately an order of magnitude.
15R-SiC single crystals with low concentration of nitrogen (⇠10 16 cm -3 ) were grown by the Physical Vapor Transport method. The spin-3/2 centers were introduced by irradiation of the crystal with 1.4 MeV electrons, the fluence of ⇠10 18 cm -2 . The excitation into the vibronic sidebands of the spin centers in SiC was performed with wavelengths of 785 or 805 nm lasers with power in the range of several hundreds mW, and the PL is recorded in the spectral range from 850 to 1000 nm, allowing optical readout of the spin state. Lock-in detection of the PL variation for spin-3/2 centers was performed under application of constant (dc) and oscillating magnetic field with a typical frequency of 100-500 Hz, an amplitude 0.1 mT. To decrease the detection volume to approximately 10 -9 mm 3 (1 µ 3 ) a scanning confocal microscope with near-infrared optimized objective of the company NT-MDT Spectrum Instruments was used. For the concentration of spin centers of about 10 16 -10 17 cm -3 , which was used in our experiments, in a volume of ⇠1 µ 3 there are approximately 10 4 -10 5 centers. Figure 1 shows a general view of the PL variation PL as a function of the dc magnetic field B with application of an additional oscillating magnetic field recorded at different temperatures in 15R-SiC single crystal, RF is not applied. PL was excited by a laser with a wavelength of 805 nm in a volume of ⇠1 µ 3 , allocated with a scanning confocal microscope. The lines indicate areas of magnetic fields where ground state LAC (GS LAC), ES LAC and CR signals for V2, V3 and V4 spin-3/2 centers are observed. The designations of the centers are tied to the energy of the zero-phonon lines: V2 -886.5 nm, V3 -904 nm, V4 -917 nm. 18 The temperature varied in steps of approximately 3 degrees from 129 K to 257 K. For a temperature of 244 K, the signal PL in the entire range of magnetic fields is given. The positions of the GS LACs are practically independent of temperature, while strong temperature shifts are visible for a wide line of the ES LAC and for a number of narrow CR lines. Figure 2 shows EPR spectra (W-band, electron spin echo -ESE) observed in e-irradiated 15R-SiC crystal measured at orientation B || c at 100 K in darkness and under optical illumination with wavelength 789 nm. 19 Under the influence of light, an inverse phase is observed for the spin-3/2 centers (we will call them "bright" centers), whereas for S=1 centers with a large splitting between the lines, only a decrease in the distance between the lines is observed, due to the insignificant heating of the crystal ("dark" centers).
The standard spin Hamiltonian is given by
Systems with spin S=3/2 and S=1 and the same gyromagnetic ratio are considered, D is the axial fine structure splitting parameter. ZFS for the spin-3/2 centers =2D, D(V2) = 69.5 MHz (2.48 mT), D(V3) = -5.6 MHz (-0.2 mT , D(V4) = 25.2 MHz (0.9 mT). 18, 21 One optically pumps V2 center into the M S = ±3/2 states; V3 and V4 into the M S = ±1/2 states. The CR signals appear when the magnetic field tunes the spin splitting of "bright" spin-3/2 centers into resonance with the spin splitting of surrounding "dark" S=1 centers (inset in Fig. 2) . Following Ref. 23 , where NV defects and N donors in diamond were considered as "bright" and "dark" centers, respectively, the dark-spin spectroscopy technique is applicable to a variety of paramagnetic defects in SiC. It is possible to register small numbers of "dark" centers neighbouring to single "bright" spin-3/2 center by monitoring of PL of single spin under ambient conditions. For example, the coupling of two individually addressable "bright" spin-3/2 centers connected by a chain of "dark" S=1 spins, could be considered in quantum information processing and multicenter entanglement.
FIG. 2. ESE-detected EPR spectra (W-band) of "bright" S=3/2 and "dark" S=1 centers in e-irradiated 15R-SiC crystal at 100 K in darkness and under 789 nm optical illumination. Left inset: the EPR lines of the S = 1 center (X-band) near room temperature. Right inset: the energy level schemes for "bright" S=3/2 (V2) and "dark" S=1 centers and CR signal.
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The assignment of S=1 to the centers with D(T) was supported by our measuring the pulse length needed for the optimum signals in the ESE experiments. The "dark" centers have a certain analogy with the Si-C divacancies, since the parameter D(T) is close to the corresponding value for the divacancy, 6, 25 and also the observed hyperfine (HF) structure (Fig. 2) with the nearest atoms of Si and C has common features. For divacancies HF interactions with 12 Si in the second coordination sphere break up into three groups of interactions (6, 3, 3) , which leads to a broadening of the satellite lines and a decrease in their relative intensity; for "dark" centers this HF interaction is ⇠12 MHz. The interaction with three nearest neighboring carbons in basal plane is ⇠59 MHz and these HF interactions in a rough approximation correspond to the interaction observed for divacancies, 25 thus it can be assumed that the core of the "dark" S=1 center corresponds to a divacancy directed along the c-axis. Since there was no noticeable D temperature dependence for divacancies, we can assume the presence of a defect adjacent to the divacancy along the c-axis for the "dark" center, the position of which essentially depends on the temperature.
We equate the energy differences for the transitions between spin levels for "bright" S=3/2 centers, (the transitions that induce changes in the PL) and "dark" S=1 centers, as a result, we obtain B CR at which CR occurs: B CR =|D(T)-2D|/2 . Figure 3 shows evolution of the PL as a function of the dc magnetic field B, recorded at different temperatures in 15R-SiC single crystal. A circles with a dot at 0.2, 0.9 and 2.48 mT indicate the characteristic magnetic fields of different "forbidden" GS LAC labeled as GS LAC1 for V3, V4 and V2 centers, respectively (following to Refs. 20 and 21 we will call the LAC between the two levels with M S = ±1 as "allowed" and with M S = ±2 as "forbidden"). Vertical solid and dash lines reflect the absence of temperature dependence for D parameters for the GS LAC; solid lines are drawn for GS LAC1 (B=D/ ), dashed for "allowed" LACs denoted by LAC2 (B=2D/ ).
The oblique dashed lines reflect the changes in the position of the ES LAC points (squares, wide lines) and "bright-dark" CR (circles, narrow lines). The upper insert shows a shift in the CR lines with a temperature change from 161 K to 257 K. The lower insert shows a shift of one of the CR lines with a temperature change from 35 C to 42 C -possible temperature changes for the living system, a noise track is also shown.
The dotted line shows the the experimental points (crosses) from EPR measurements and simulated temperature dependence of the D(T)/2 for "dark" S=1 centers. In the range 180-300 K, the CR magnetic field B CR versus temperature is reasonable to approximate by a linear function B CR = B 0 -k⇤T; B CR = -k⇤ T. B CR can be then converted to temperature using T = -B CR /k. For the most intense peaks CR1: B 0 = 21.8 mT; k = 0.017 mT/K; and CR2: B 0 = 23.8 mT; k = 0.018 mT/K.
The temperature field will be measured at different points when the SiC crystal plate is scanned in a microscope. In this case, the object under investigation, for example, in the form of a film, is placed directly on a plate of active material in the form of silicon carbide for thermal contact, the thermal conductivity of silicon carbide is very high and it is possible to study various thermal processes in the object of research (microelectronics chips, biological systems, where reactions take place with the release of heat, etc.). Additional advantage over the diamond is the lack of an RF field.
The level anticrossing in the ground state does not depend on temperature, this is an additional advantage, since one effects can be used to determine the magnetic field (GS LAC), and others -(CRs) to determine the temperature. In this case, the same spin system is used, the desired object is selected only by applying a bias in the form of a constant magnetic field.
The technique for measuring temperature can be expanded by using SiC nanocrystals with the spin centers. The advantage of using vacancy-related spin centers in SiC in comparison with NV centers diamond is the orientation of all spin centers along one axis, so instead of using single centers, it is convenient to use ensembles of such centers, which significantly increases the sensitivity of measurements. For example, a SiC nanocrystal with the spin centers can be placed on a probe of an atomic force microscope or a near field microscope that directly contact the object under study. Such measurements are carried out by us and will be published later."
The noise limit of measurements with one scan without accumulation and the measurement time of about 0.1 sec is 3 µT (in the slope of the derivative). The seven degrees of the thermometer A circle with a dot indicates the characteristic magnetic fields of different "forbidden" LACs denoted by LAC1 (B=D) for the ground state of the spin-3/2 center. Vertical solid and dashed lines reflect the absence of a change in the parameters of the fine structure (D) for the ground state of the spin centers with a change in temperature; solid lines are drawn for LAC1, dashed for "allowed" LACs denoted by LAC2 (B=2D). The oblique dashed lines reflect the changes in the position of the LAC points for the excited state of the spin-3/2 centers (squares, wide lines) and cross-relaxation (circles, narrow lines). The upper insert shows a shift in the "bright-dark" cross-relaxation lines with a temperature change from 161 K to 257 K. For greater clarity, in the upper inset, the temperature increases in the opposite direction as compared to the main part of the figure. The lower insert shows a shift of one of the cross-relaxation lines with a temperature change from 35 C to 42 C -possible temperature changes for the living system. A noise track is shown. The dotted line shows the simulated temperature dependence of the fine structure splitting (as D/2) for "dark" spin-1 centers, the crosses denote the experimental points from EPR measurements.
(42 C-35 C) corresponds to a shift of ⇠180 mkT (Fig. 3, bottom inset) , that is 180 mkT/7 K = 25 mkT/K. It can be estimated that the sensitivity is approximately 100 mkK/Hz 1/2 . At lower temperatures, we have sensitivity about five times higher, since the signal intensity has increased approximately 5 times (Fig. 3, upper inset) , that is, less than 20 mK/Hz 1/2 . When selecting more sensitive detectors and optimizing the optical circuit, it is possible to achieve less then 10 mK/Hz 1/2 in the volum of 1 µ 3 .
